Abstract To explore a new and simple rapid extraction and purification technique for wheat-esterase, an ionic liquids (ILs)-based aqueous two-phase system (ATPS) was developed for the purification of wheat-esterase from wheat extracts. Effects of various process parameters such as the concentrations of [Bmim]BF 4 , the types and concentrations of phaseforming salt, the system pH and the temperature on partitioning of wheat-esterase were evaluated. The obtained data indicated that wheat-esterase was preferentially partitioned into the ILs-rich phase and the ATPS composed of 20 % [Bmim]BF 4 (w/w) and 25 % (w/w) NaH 2 PO 4 (pH= 4.8) showed good selectivity on wheat-esterase. Under the optimum conditions, wheat-esterase was purified with an acceptable yield (88.93 %), but produced wheat-esterase was 4.23 times as pure. It was obvious that temperature shows little influence on the purification between 10 and 50°C. Sephadex G-150FF revealed that the band intensity of contaminating proteins in ATPS fraction almost disappeared. Therefore, ILsbased ATPS was an effective method for partitioning and recovery of wheat-esterase from wheat crude extracts.
Introduction
Typical aqueous two-phase systems (ATPS) are usually formed by mixing aqueous solutions of two structurally different polymers or one polymer and one salt above certain concentration (Li et al. 2002; Walter and Johansson 1994) .
Minimizing consumption of organic solvents harmful to the environment ATPS is regarded as a simple and environmentally friendly separation system. ATPS also offers many advantages, such as a low process time, low energy consumption, and an environment biocompatible to the biomolecule because each phase contains 70-90 % water, which means that biomolecules will not be denatured. Hence, ATPS has been recognized as an efficient and economical method for the separation of biomolecules (Aguilar and Rito-Palomares 2010) .
Of late, ionic liquids (ILs) have emerged as alternative media for biocatalysis which are essentially liquid salts composed of organic cations and usually inorganic anions. With a melting point below 100°C ILs remain liquid at ambient temperature or below. In contrast to conventional organic solvents ILs have unique physical properties such as a negligible vapour pressure low viscosity good dissolution power towards many substrates, high thermal and chemical stability, and a wide electrochemical potential window. (Hallett and Welton 2011; Shiddiky and Torriero 2011) .
In 2003, Rogers and co-workers (Gutowski et al. 2003) reported that ILs could be used to form ATPS by mixing with inorganic salt. Since then significant progress has been made in the field of ILs-based ATPS. Since the ILs-based ATPS are particularly suitable for the extraction of biocatalysts or their products more and more investigations have been undertaken to study their abilities to extract biomolecules such as protein, incretion, antibiotic, alkaloid and emzyme (Oppermann et al. 2011) .
Currently most methods for rapid detection of Organophosphorus compounds (OPs) are based on the inhibition of acetylcholinesterase (AChE) (Waibel et al. 2006; Wong et al. 2006) . Methods based on AChE, generally be extracted from animal blood or tissue, have very high sensitivity. However, its widespread use is limited due to its production cost. The enzyme cost could be reduced by choosing a cheaper source of the enzyme and/or by reducing its recovery/purification cost. Plant-esterase matches cholinesterase in its ability to hydrolyze esters in OPs (Dong and Wang 2009; Qian et al. 2006a, b) . Thus, it is much easier to obtain than AChE because plant-esterase can be extracted from wheat, soybean, corn, rice and other grains. So plant-esterase can be widely applied in rapid warning alerts and field analysis for OPs (Huo et al. 2009 ). Several methods have been developed for the purification of plant-esterase by different researchers (Cummins and Edwards 2004; De Carvalho et al. 2003; Stuhlfelder et al. 2002) . However, almost all these methods involve a large number of steps such as precipitation, centrifugation, dialysis, ion-exchange chromatography and gel filtration chromatography which take higher loss of product yield (Kula et al. 1992) . Furthermore, the scale-up of these methods is difficult and expensive. Hence, efficient and economical large-scale bioseparation methods are needed to provide high purity and high yield plant-esterase with biologically activity.
The aim of this study was to develop an extraction and purification method for plant-esterase from wheat by ATPS based on ILs. In this work, a preliminary study about the partition of wheat-esterase in ILs-based ATPS was carried out and relevant parameters such as the types and concentrations of phase-forming salt the system pH, and temperature which affect the partitioning behavior of the protein were investigated. The method used to optimize ATPS process parameters for wheat-esterase can be used to optimize this technique for other biomolecules as well.
Materials and methods

Materials
Wheat was acquired from College of Agriculture NEAU (Harbin, China). Low molecular weight markers and bovine serum albumin were purchased from Sigma. Sodium dodecyl sulfate (SDS), Coomassie Blue G-250,1-Naphthyl acetate (1-NA) and Fast Blue B salt were purchased from Fluka. Sephadex G-150FF were purchased from Amersham Pharmacia. 1-Butyl-3-methylimidazolium tetrafluoroborate ([Bmim] BF 4 ) was purchased from Henan Lihua Pharmaceutical Co. Ltd. The salts and other analytical grade chemicals were purchased from Sinopharm Chemical Reagent Factory (Shanghai, China). Water used for preparation of aqueous solutions was from a Millipore Direct-Q Water system (resistivity, 18.2MΩ·cm).
All mass measurements were realized using an analytical balance (METTLER TOLEDO AL204 Analytical Balance, China) with a precision ±0.0001 g. The absorbances were measured using a spectrophotometer (Shimadzu UV-2550, Japan).
Preparation of crude extract A 1:5 (w/w) solution of flour in water was made. The mixture was stirred for 30 min, then centrifuged at 4,000 rpm for 10 min at 4°C. The clear supernatant was collected and then filtrated by microporous filter membrane.
Wheat-esterase activity assay Wheat-esterase activity was determined by the colorimetric method of Van Asperen (Vanasperen 1962) . The general buffer was 0.04 M sodium phosphate, pH 6.0. 1-Naphthyl acetate (1-NA) (16 mM) was used as substrate. The mixture consisting of phosphate buffer (4.0 mL), wheat-esterase solution (0.5 mL) and 1-NA (250 μL) was incubated at 30°C for 5 min in a water bath. The hydrolysis of 1-NA was terminated by adding 1.75 mL of Fast Blue B salt-SDS solution. The absorbance at 535 nm was measured by a spectrophotometer after 5 min.
Protein determination
Protein concentration was measured by the Bradford method (Bradford 1976 ) using bovine serum albumin as a standard.
Preparation of ATPS
ATPSs were prepared in 10 mL centrifuge tubes by adding the appropriate amount of [Bmim]BF 4 , salts and plant-esterase crude extract. Distilled water was used to bring the final weight of the system to 10 g. The compounds were mixed using a Vortex mixer and centrifuged for 3 min at 2,000 rpm to increase the rate that the phases separated. The volumes of the separated phases were measured. Aliquots from each phase were used to measure wheat-esterase activity and protein concentration.
Effect of concentration of [Bmim]BF 4 on partitioning of wheat-esterase
To study the effect of concentration of [Bmim]BF 4 , [Bmim] BF 4 of different mass were mixed with 20 % (w/w) NaH 2 PO 4 to form ATPS Partitioning was performed as described previously.
Generally, the biomolecule partition coefficient, K, was used to quantify the biomolecule partition behavior. The partition coefficient is defined as the ratio of protein concentration or wheat-esterase activity in the top phase to that in the bottom phase, as shown in Eqs. (1) and (2) (Rabelo et al. 2004) .
where C T and C B are the total protein concentrations in mg/ml of the top and bottom phase, respectively, and A T and A B are the wheat-esterase activities in U/ml of the top and bottom phase, respectively. The volume ratio as
where V T and V B are the volumes of top and bottom phase, respectively. In order to evaluate the purification process, the enzymespecific activity (SA expressed in U/mg protein), the purification factor (PF) and the wheat-esterase yield (Y) were also calculated according to the given equations (Dembczynski et al. 2010 )
The enzyme-specific activity (SA) can be evaluated for both phases, using Eq. (4) with the corresponding wheatesterase activity and the protein concentration in the selected phase. In Eq. (5), SA i represents the SA for the crude extract.
Effect of salts on partitioning of wheat-esterase
To study the effect of salts on partitioning of the wheatesterase in ATPS, different salts including NaH 2 PO 4 , K 2 HPO 4 , (NH 4 ) 2 SO 4 and MgSO 4 at different concentrations (15, 20, 25 and 30 % w/w) were mixed with 20 % (w/w) [Bmim]-BF 4 in ATPS. Based on K P , K E , PF and Y, the ATPS rendering the most effective partitioning was chosen for further study.
Effect of pH on partitioning of wheat-esterase
In order to investigate the influence of pH, an IL-based ATPS consisting of 20 % (w/w) [Bmim]BF 4 and 25 % (w/w) NaH 2 PO 4 was prepared. The pH of the systems was adjusted by HCl or NaOH. Based on K P , K E , PF and Y, the ATPS rendering the most effective partitioning was chosen for further study.
Effect of temperature on partitioning of wheat-esterase
The model system to evaluate the effect of temperature on wheat-esterase partitioning was prepared as described above. Phase separation was induced by storing the samples in a water bath for 1-2 h at a temperature of 10, 20, 30, 40 and 50°C, respectively. The performance of partitioning were measured to study the effect of temperature.
Statistical analysis
All data were subjected to Analysis of Variance (ANOVA) and differences between means were evaluated by Duncan's Multiple Range Test (Steel and Torrie 1980) . SPSS statistic program (Version 18.0) was used for data analysis.
Sephadex G-150FF chromatography
After ATPS, ammonium sulfate was added (608 g/L,000 mL). The resultant mixture was kept at 4°C for 24 h. the precipitate formed was collected by centrifugation at 4°C for 20 min at 10,000 rpm. The precipitate was dissolved in a small amount of 50 mM sodium phosphate buffer (pH 6.0), and dialyzed against the buffer. The resultant dialysate was loaded onto a Sephadex G-150FF (1.6 cm×80 cm) pre-equilibrated with 50 mM sodium phosphate eluting buffer (pH 6.0). The solution after Sephadex G-150FF was collected every 5 mL and assayed for protein and wheat-esterase activity.
Sodium dodecyl sulphate-gel electrophoresis Sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) was carried out by following Deutscher's method (Deutscher 1990 ), using a 30 % polyacrylamide slab gel. Electrophoresis was run at 50 V, 12.5 mA, for 3-4 h. The gel was stained with a solution that was 0.05 % (w/w) Coomassie Brilliant Blue R250, 50 % (v/v) methanol and 12 % (v/v) acetic acid. The gel was destained using a buffer that was identical to the staining solution except that it contained no Coomassie Brilliant Blue.
Results and discussion
Effect of concentration of [Bmim]BF 4
The effect of concentration of added ILs in the systems was investigated. As indicated in Table 1 , K P which was around 1 showed that the concentration of [Bmim]BF 4 does not have much effect on the residual protein partitioning in the two phases. But K E was sensitive to the concentration of [Bmim] BF 4 . In all cases, K E was larger than K P which meant wheatesterase were more preferably distributed to the top phase than residual proteins. The PF also showed that the purity of wheatesterase in the top phase increased as the concentration of [Bmim]-BF 4 increased till the concentration reached 20 %. At the concentration above 20 %, K E , K P and Y still increased but PF decreased. The probably reason was that more wheatesterase was partitioned to the top phase as the concentration increased to a higher value while residual proteins partitioned to the top phase also increased. As a result PF in top phase decreased.
In most cases, K E was lager than K P , which indicated that wheat-esterase was more incline to be partitioned to the top phase contrast with residual proteins. The reason of difference between the distribution of wheat-esterase and residual proteins attributed to the molecular weight, shape, volume and surface area (Dreyer et al. 2009 ). Another reason was the difference in distributing of charge. Partitioning in ATPS was a surface-dependent phenomenon, depending strongly on the surface characteristics of the proteins. It was mainly a process in which the exposed groups of proteins come into contact with the phase components. It has been demonstrated that electrostatic potential difference between coexisting phases is a common property at interfaces even though the phases are electrically neutral (Pfennig et al. 1998) and in this particular case the uneven distribution of Bmim + and salts generated a difference in electrical potential between the Table 1 Effect of concentration of [Bmim]BF 4 in ATPS on purification of wheat-esterase (x ± SD, n=3)
The mass fraction of ILs%(w/w) Table 2 Effect of phase composition in ILs-salt ATPS on purification of wheat-esterase (x ± SD, n=3) Table 2 . After phase separation, two phases were obtained, ILs-rich top phase and salt-rich bottom phase. However, no phase separation was observed in the system containing 15 % (w/ w) MgSO 4 . In this study, ATPSs were able to partition wheatesterase in most of the phase compositions. Most of the K E and K P in the systems were larger than 1, which indicated that both wheat-esterase and residual proteins were preferably distributed to the top phase. Therefore, the purity of wheatesterase in the top phase was considered as the response variable to evaluate the effect of different phase-forming salts.
In most ATPSs studied, K P increased with the increasing of the concentrations of salts and decreased after certain concentrations of salts. The presence of high concentrations of salts increased the hydrophobicity of the bottom phase (Zaslavsky et al. 1982) , in which the solubility of proteins decreased significantly because the large number of salt ions competed for water molecules with proteins while the salvation spheres surrounding the proteins ionized groups were removed (McKee and Mckee 1999) and salting out of proteins took place. Consequently the majority of the proteinic components were moved into the top phase. As can be seen in Table 2 . that increasing the concentrations of salts immoderately may result in a lower activity recovery and K E . One reason is the denaturation of wheat-esterase caused by the salting-out effect. Another reason is that the excess wheat-esterase precipitated at the interface of the two phases was discarded. Therefore, the type and concentration of the salt were critical for the wheatesterase partitioning in the ATPS. System containing 20 % [Bmim]BF 4 and 25 % NaH 2 PO 4 gave the highest PF (4.23-fold), with acceptable K E (7.27) and Y (88.93 %). The result indicated that the ILs-based ATPS is suitable for purification of wheat-esterase. Therefore, the [Bmim]BF 4 /NaH 2 PO 4 system was selected for further study.
Effect of pH
As an example, K P , K E , Y and PF were studied as a function of the pH of the ATPS, and the results were shown in Table 3 . The pH of selected ILATPS is 4.8. Therefore, pH range of 4.8 9.0 was chosen to study the pH dependence on wheatesterase purification. Another reason for selection of this pH range is that protein denaturation and conformational change occurred at extreme pH values. As can be seen from Table 3 . the partitioning was sensitive to the system pH. K E and PF decreased sharply while K P increased, with the increasing of pH values. This can be explained by the diffenent charged state of proteins at deffenent pH.
In general, proteins with negative charge prefer the top phase in ATPS, while proteins with positive charge normally partition selectively to the bottom phase (Gautam and Simon 2006; Yang et al. 2008) . Above the isoelectric point (pI), enzyme/protein polyanions are accepted by ILs-rich phase in ATPS (Tanuja et al. 1997 ). This contrasts with the rejection of inorganic polyanions and may be attributed to an inherent greater separation of point charges on amino acid sidechains over the surface of enzyme polyanions (Tanuja et al. 1997) . Table 3 Effect of pH in [Bmim]BF 4 -NaH 2 PO 4 ATPS on purification of wheat-esterase (x ± SD, n=3) Glutenins and gliadins are the major wheat storage proteins with the pI 6~8 and 6.4~7.1, respectively. The pI of wheatesterase is 4.3~4.6. This can explain that K E is much lager than K P at pH 4.8~8.As the system pH increased the difference between system and pI of wheat proteins became smaller. Therefore electropositive of wheat proteins decreased. Electrostatic interaction between the charged groups in the protein and the cation of the ionic liquids decreased. For residual proteins chance of partitioning to the top phase increased while the system pH increased. As a result, K P increased sharply. The decrease of K E may caused by loss of biological activity of wheat-esterase at high pH value.
The charged state of proteins was affected by the pH values and the isoelectric points of proteins. Therefore, it was deduced that electrostatic interactions between the amino acids on the protein surface and the IL-cation played an important role in the extraction efficiency of wheat-esterase. This purpose was proved by Dreyer in 2009 (Dreyer et al. 2009 ).
Effect of temperature
The purification of wheat-esterase was carried out over a temperature range of 10~50°C, and the temperature dependence of the purified process was illustrated in Table 4 . It was obvious that at temperatures range from 10 to 50°C, V R increased in some sort as temperature increased but the overall parameter of purification remained virtually unchanged. From the results obtained it could be established that the partitioning was unsensitive to temperature. The result meant that the studied ATPS was suitable for purification of wheat-esterase at a relative wide range of temperature.
Performance for purification of wheat-esterase
The purity of the wheat-esterase obtained from ATPS was confirmed using Sephadex G-150FF chromatography as shown in Fig. 1 . Three peaks were shown in Fig. 1a and only peak 3 was proved to be caused by wheat-esterase after activity assay. In contrast to Fig. 1a , only one visible peak was found in Fig. 1b which correspond to peak 3 with elution volume. From Fig. 1 , it can be observed that the majority of the contaminant proteins present in the crude extract partitioned to the bottom phase during the ATPS extraction while the wheat-esterase partitioned to the top phase. Hence an increase in the purity of wheat-esterase is observed.
SDS-PAGE
The purity of the plant-esterase obtained from ATPS was confirmed using SDS-PAGE as shown in Fig. 2 . Lane 3 indicated the molecular marker, while lane 1 was the crude extract of plant esterase and lane 2 was the plant-esterase after ILATPS extraction. From the SDS-PAGE, an increase in the purity of plant-esterase is observed after the ILATPS extraction.
Conclusions
Purification of wheat-esterase from the crude extract using [Bmim]BF 4 /NaH 2 PO 4 ATPS is reported for the first time. During this study, a systematic approach was used to find the optimized conditions to purify wheat-esterase. The process parameters involved in the purification of wheat-esterase were discussed and their optimization was described in detail. A method for purification of wheat-esterase in an ATPS was proposed. With a 20 % [Bmim]BF 4 and 25 % NaH 2 PO 4 ATPS, wheat-esterase with a purification factor of 4.23 fold and a yield of 88.93 % was obtained. This method enhances both the purity and the yield of the wheat-esterase beyond that obtained by the conventional salting-out step. Experimental results obtained here demonstrated the feasibility of an ATPS for the purification of wheat-esterase. This optimized process is expected to promote the applications of wheat-esterase in Ops detection.
